A novel matrix resin for photo-activated resin composites was developed usingα-fluoroacrylic acid derivatives. To render resin composites with improved mechanical properties, silica fillers were also used. It was found that the newly developed fluorine-substituted monomer was polymerized quite easily not only by free radical chemical initiators, but also by photoirradiation using free radical photoinitiator system. In particular, the photopolymerization rate of the novel monomer was more than two times faster than that of corresponding methacrylate-based monomer. Composite based on the newly developed matrix resin had higher micro-Vickers hardness and compressive strength values than the methacrylate-based composite, and that it contained only trace residual monomers compared with the methacrylate-based material. The high polymerization conversion of the fluorine-substituted monomer could be attributed to the polar effect or the small steric hindrance of fluorine at the α-position.
INTRODUCTION
Visible light-cured resin composites, with varied chemical curing systems, are used extensively as direct restorative materials.
They are typically composed of polyfunctional methacrylic acid derivatives, such as bisphenol A diglycidyl methacrylate (BisGMA) and triethylene glycol dimethacrylate (TEGDMA).
They also contain silanized silica particles, polymerization inhibitors, initiators, and other additives. Currently, some problems are still associated with these composites, including incomplete polymerization 1) , inferior mechanical properties and water resistance [2] [3] [4] [5] [6] . For instance, where a curing site of the composite is farther away from the curing light, it will not be polymerized completely. Consequently, the presence of residual monomers decreases the mechanical properties 7) and may even cause inflammatory reactions in dental pulp [8] [9] [10] [11] . Further, compounds which are added to resin composites -such as inhibitors, UV activators, and UV absorbers -may easily elute from incompletely polymerized resins and similarly lead to inflammatory reactions in dental pulp 12) . It is noteworthy that light-cured composite resins that contain residual unreacted monomers and pendant double bonds exhibit low mechanical properties, which means that these additives may also easily elute from the resins. On the wear rate of dental composites, it may be related to water sorption of the resin matrix and matrix-filler debonding 13, 14) . Therefore, hydrophobic monomers with a higher degree of conversion may yield restorative materials with better mechanical properties and higher degree of water resistance [15] [16] [17] . To date, several types of dimethacrylates with fluorine-substituted backbone have been synthesized by many researchers [18] [19] [20] [21] [22] . This is because fluorination generally improves the hydrophobicity of the cured dimethacrylates and that of the cured composites, whereby the latter contain fluorinated dimethacrylate matrix monomers. However, on the contribution of fluorine content to improved mechanical properties, disagreements prevail due to differing results: some studies reported that fluorinated dimethacrylatebased composites showed superior mechanical properties [18] [19] [20] , whereas others claimed no apparent effect 21, 22) . The purpose of this study was to develop hydrophobic dental composites based on matrix monomers of α-fluoroacrylic acid derivatives that contained a fluorine at the α-position of acrylic acid. This was done with a view to obtaining dental composites with optimal performance for clinical use.
MATERIALS AND METHODS

Difunctional monomers
Methacrylic acid derivatives, methyl methacrylate (MMA) and triethylene glycol dimethacrylate (TEGDMA), were purchased from Wako Chemicals (Osaka, Japan). A series of α-fluoroacrylic acid derivatives, α-fluoroacrylate (MFA), α-fluoroacryloyl chloride, triethylene glycol di-α-fluoroacrylate (TEGDFA), and bisphenol A di-α-fluoroacrylate (BisDFA), were supplied by Daikin Industries (Osaka, Japan).
Bisphenol A dimethacrylate (BisDMA) was prepared by acylation of methacryloyl chloride (Sigma-Aldrich, St. Louis, USA) with bisphenol A 23) . Purification of the crude products was carried out by recrystallization from methanol cooled by an ice-cold water bath.
The recrystallized products were identified by infrared and nuclear magnetic resonance spectroscopies and melting point measurement. The melting point values of BisDMA and BisDFA were 74-75°C and 68-69°C respectively. The formulae and abbreviations of these derivatives are shown in Table 1 .
Rate of radical polymerization
The rate of polymerization of MFA was to be compared with that of MMA. MMA and MFA were washed with 5％ sodium hydroxide aqueous solution followed by saturated sodium chloride aqueous solution until it became neutral. The monomers were dried over anhydrous sodium sulfate and then distilled under reduced pressure. Freshly distilled MFA (10.4 g, 0.1 mol) and BPO (0.48 g, 2 mmol) were poured into a dry dilatometer in a thermally regulated water bath.
Volume decrease of the solution during polymerization was measured for the purpose of calculating the rate constant, whereby the reaction was assumed to be a first order reaction.
Preparation of matrix resins and the composites
For matrix resin FA, it was prepared from a mixture Table 2 Compositions of matrix resins and composite resins of BisDFA and TEGDFA by a visible light curing process.
The photoinitiator system employed a combination of camphorquinone and 2-diethylaminoethyl methacrylate (Table 2 ). For matrix resin MA, it was prepared from a mixture of BisDMA and TEGDMA. Silica particles were used as filler, with a surface area of 50 m 2 /g and an average size of about 40 μm (Aerosil OX50, Nippon Aerosil Co., Tokyo, Japan) and were treated with 3 mass％ of 3-methacryloxypropyltrimethoxysilane. An amount of 3g of silanized silica was mixed with 2 mL (2.45 g) of each matrix resin. In addition, composites with 2 mL (2.19 g) of BisDMA and TEGDMA mixtures as the matrix resins were prepared as control.
Depth of cure and hardness of cured resins
A quantity of 10 μL of each matrix resin MA and MF was placed on a glass plate. With a visible light source (Optilux, Kerr Corp., CA, USA; λ=494 nm) held at 2 mm above the mixture (Fig. 1) , irradiation was performed for 30 or 60 seconds. Micro-Vickers hardness of each cured resin surface was measured with a microhardness tester (Model DMH-2, Matsuzawa Seiki Co. Ltd., Tokyo, Japan). A diamond indenter was used to produce indentations under a load of 25 g for five seconds. Monomer mixtures were packed into Teflon molds (4 mm in diameter, 6 mm in depth), their surfaces covered with a celluloid strip of 0.08 mm thickness (3M, St. Paul, USA) and then irradiated for 60 seconds (Fig. 2) . Unpolymerized parts of these materials were wiped thoroughly with papers soaked with ethanol. For the length of the remaining cured specimen, it was measured with a micrometer and recorded as depth of cure. Composites were also packed into Teflon molds (6 mm in diameter, 6 mm in depth) and irradiated by the method and condition as described above. Crosssectioned films of 1.6 mm thickness were prepared from the central part of the cured resin composite cylinders. Hardness of cross-sectioned specimens was measured from top to bottom at 0.5 mm intervals (Fig. 3) .
Compressive strength
Six specimens for compressive strength measurement were prepared by packing the composite paste into a cylindrical Teflon mold (4 mm wide, 8 mm long). Each end of the filled mold was covered with a celluloid strip of 0.08 mm thickness. Both surfaces were irradiated from each side for 60 seconds simultaneously. Before compressive strength testing, each specimen was stored for two or 10 days in water at 37°C. Compressive strength was measured using a universal test machine (Model AGS-500A, Shimadzu Co. Ltd., Kyoto, Japan) at a crosshead speed of 2.0 m/min, and then its value calculated from the value of the breaking point on the stress-strain curve.
Toothbrush abrasion
Five disk specimens, 9 mm in diameter and 3 mm in Fig. 1 Photo-irradiation with a visible light source. thickness, were prepared in the manner described above for the compressive strength test. The abrasion test was carried out with a mechanical toothbrushing machine (Model K172, Tokyo-giken Co. Ltd., Tokyo, Japan).
The specimens were repeatedly brushed a distance of 5 cm back and forth 50,000 times with nylon brushes -which were covered with 1:1 aqueous slurry of toothpasteunder a 660-g load. Before and after the abrasion test, the specimens were dried for 24 hours in a desiccator kept at room temperature, and then weighed. Weight measurements were repeated until the weight loss of each specimen was not more than 0.2 mg in any 24-hour period. Abrasion volume was calculated by dividing the weight loss by the specific gravity of the specimen.
Content of residual monomers
Specimens for assessment of residual monomers were prepared as described above for the compressive strength test. Five specimens, 6 mm wide and 1.1 mm thick, were cut from the central part of the cured resin. Before evaluation, the specimens were stored in 3 mL of acetonitrile/H2O (75/25 by volume) for seven days at room temperature. The supernatant liquid was analyzed by high performance liquid chromatography.
Measurement conditions were as follows -column:
Li-Chrosorb RP-8 (Merck, Darmstadt, Germany), mobile phase: acetonitrile/ H2O=75/25, flow rate: 1.0 ml/min, temperature: room temperature, detector: 254 nm. Amount of eluted monomers was determined from the area of the chromatogram and calculated as a percentage for the composite.
Statistical analysis
The mean and SD values of data collected in this study were compared and analyzed using Student's t-test. Figure 4 shows the time-conversion (by volume shrinkage) curves of the homopolymerization of MMA and MFA at 40 and 50°C. MMA was not polymerized at 40°C within the time range studied. The reaction rate of MFA was higher than that of MMA (Table 3) . Figure 5 shows the micro-Vickers hardness values of the surfaces of the polymers and the cured matrix resins of MA and FA. Hardness of matrix resin FA was higher than that of MA (p<0.05) regardless of the irradiation time. Figure 6 shows the depths of cure of the matrix resins prepared from BisDFA/TEGDFA and BisDMA/TEGDMA.
RESULTS
Free radical polymerization of MMA and MFA
Surface hardness of cured resins
Depth of cure of matrix resins and composites
Depth of cure of BisDFA/ TEGDFA was greater than that of BisDMA/TGDMA (p<0.05), and measured about 6 mm at 60 seconds of irradiation time. 
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＊ Calculated as first order reaction Table 3 Rate constants of polymerization of MMA and MFA Fig. 4 Time-conversion curves of polymerization of MFA and MMA.
Fig. 5
Vickers hardness values of the copolymers cured by photo-polymerization. Same superscript symbols denote no significant differences between each test group (p>0.05). Fig. 6 Depths of cure of the copolymers cured by photopolymerization. Same superscript symbols denote no significant differences between each test group (p>0.05). Abrasion loss values of composite resins FA and MA cured by photo-polymerization. Same superscript symbols denote no significant differences between each test group (p>0.05). Figure 10 shows the high performance liquid chromatograms of the monomers eluted from the cured composites into acetonitrile/H2O. Table 4 shows the amounts (％) of residual monomers calculated from the chromatograms. Values of TEGDFA and BisDFA were about 1/10 compared with those of TEGDMA and BisDMA respectively.
Residual monomers
DISCUSSION
The reaction rate of free radical polymerization of MFA was higher than that of MMA (Fig. 4) , and the mechanical properties of poly(MFA) were superior to that of poly(MMA) 24) . These properties could be attributed to polar effect and the small steric hindrance of fluorine at the α-position. It is known that free radical polymerization of vinyl monomers is inhibited by oxygen in air 25) , and that the resin surface after curing is low in hardness (i.e., soft). However, the surface hardness of matrix resin FA, consisting of BisDFA and TEGDFA as base monomers, was higher than that of matrix resin MA regardless of the irradiation time (Fig. 5) . Further, the depth of cure of matrix resin FA was greater than that of matrix resin MA (Fig. 6 ). In the same vein, the surface hardness of composite resin FA was better than that of composite resin MA (Fig. 7) . The good surface hardness results observed for matrix resin FA and composite resin FA, as well as the favorable hardness results inside of composite resin FA, could be attributed to the high radical polymerization reaction rate of the matrix resin with α-fluoroacryloyloxy group. Reasons for the high reactivity were suggested to be due to polar effect and resonance effect of fluorine at the α position, or small steric hindrance of fluorine at the α position. On these two proposed reasons, further studies need to be carried out for more detailed investigation. Hirabayashi and Hirasawa reported that the depth of cure of light-cured composites increased when the difference in refractive indices between matrix monomer and silica filler decreased 26) . In the context of the present study, the refractive indices of the matrix monomer and silica filler still need to be measured. Based on the results of this study, the high polymerization reactivity of the matrix resin rendered the composite resin with the following beneficial characteristics: high mechanical property (compressive strength), low abrasion loss, and low residual monomer content (Figs. 8-10 ).
